Low drug delivery efficiency and drug resistance from highly heterogeneous cancer cells and tumor microenvironment represent major challenges in clinical oncology. Growth factor receptor, IGF-1R, is overexpressed in both human tumor cells and tumor associated stromal cells. The level of IGF-1R expression is further up-regulated in drug resistant tumor cells. We have developed IGF-1R targeted magnetic iron oxide nanoparticles (IONPs) carrying multiple anticancer drugs into human tumors. This IGF-1R targeted theranostic nanoparticle delivery system has an iron core for non-invasive MR imaging, amphiphilic polymer coating to ensure the biocompatibility as well as for drug loading and conjugation of recombinant human IGF-1 as targeting molecules. Chemotherapy drugs, Doxorubicin (Dox), was encapsulated into the polymer coating and/or conjugated to the IONP surface by coupling with the carboxyl groups. The ability of IGF1R targeted theranostic nanoparticles to penetrate tumor stromal barrier and enhance tumor cell killing has been demonstrated in human pancreatic cancer patient tissue derived xenograft (PDX) models. Repeated systemic administrations of those IGF-1R targeted theranostic IONP carrying Dox led to breaking the tumor stromal barrier and improved therapeutic effect. Near infrared (NIR) optical and MR imaging enabled noninvasive monitoring of nanoparticle-drug delivery and therapeutic responses. Our results demonstrated that IGF-1R targeted nanoparticles carrying multiple drugs are promising combination therapy approaches for image-guided therapy of stroma-rich and drug resistant human cancer, such as pancreatic cancer.
INTRODUCTION
Although various nanomaterials have been developed as drug delivery systems such as carbon nanotubes, polymeric and inorganic nanoparticles [1] [2] [3] , magnetic iron nanoparticle (IONP) has attracted great attention due to its biocompatibility, ability of large scale production and surface modification, and the feasibility of monitoring nanoparticle-drug delivery using non-invasive MRI [4] [5] [6] . IONP drug carriers have been developed to deliver single or multiple therapeutic drugs for cancer treatment and their effects have been examined in preclinical animal tumor models. Currently, various targeting ligands have been used to direct therapeutic agents into tumors and improve therapeutic effect [7, 8] .
Tumor stroma represents one of the major barriers for drug delivery, especially for nanoparticle drug carriers [9, 10] . Increasing evidence supports the importance of the development of cancer therapeutic agents that act on tumor cells as well as tumor microenvironment. Our group has developed insulin-like growth factor 1 (IGF1) conjugated theranostic IONPs that target to IGF1 receptor (IGF1R) highly expressed in many types of tumor cells, tumor stromal fibroblasts and macrophages [11] . For example, 40-90% of the pancreatic cancers highly express IGF1R in both epithelial cancer cells and tumor stromal components [12, 13] . In contrast, its expression in normal pancreas is relative low. Furthermore, IGF-1R is a good cell surface marker for targeting drug resistant tumor cells since the level of IGF1R expression is further increased in the drug resistant tumor cell population [14, 15] . All these features make IGF1R an ideal target for targeted cancer therapy.
At present, animal tumor models for evaluation of nanoparticle drug delivery and response to therapy are mainly from established tumor cell lines that often result in low success rate in the translation of cancer therapeutics into clinical. One reason is that tumor cell line derived xenografts usually fail to reproduce tumor cell heterogeneity and stromal microenvironment that are integral to tumor development and metastasis. Recently, patient tissue-derived tumor xenografts (PDXs), which are established from implanting surgically resected fresh tumor tissues of patients into immunecompromised mice, are considered to more accurately mimic human tumors with the high similarity in the tumor growth environment, intratumor heterogeneity, and histological characteristics seen in primary human tumors [16] [17] [18] . Therefore, PDXs have potential to offer relevant predictive insights into clinical outcomes for the evaluation of the efficacy of novel cancer therapies [19] .
Human PDX models provide excellent mouse models to evaluate the effect of IGF1R targeted nanoparticles on both tumor cells and tumor associated fibroblasts and macrophages. It is well know that pancreatic cancer is one of the most stromarich tumor types with 50% to 85% of tumor stroma components in tumor masses. Pancreatic cancer is one of the most aggressive cancer types with five-year survival of 5% and an estimated 39,590 deaths in the U.S. in 2014 [20] . Resistance to chemotherapy is the most common reason for the failure of pancreatic cancer treatment. The physical barriers created by an intensive tumor stromal component and disorganized vasculatures prevent a sufficient amount of therapeutic agents reaching tumor site [10] . Additionally, genetic alterations and dysfunctional signaling pathways in pancreatic tumor cells also lead to intrinsic drug resistance [21] . Therefore, the development of new therapeutics for effective treatment of pancreatic cancer requires novel approaches to break drug delivery barriers in the tumor stroma and increase the drug concentration delivered to tumor cells in order to overcome drug resistant mechanisms [9, 22] . We have established human pancreatic cancer PDXs and examined the effect of IGF1R targeted IONPs carrying doxorubicin (Dox) on targeted delivery, response to therapy and the ability of breaking tumor stroma in the PDXs in nude mice. The feasibility of using IGF1 as targeting ligand for pancreatic cancer has been demonstrated in vivo. By conjugating a NIR dye to the nanoparticles, the in vivo targeting effect can be monitored by both non-invasive optical imaging and MRI. The accumulation of IONPs in tumor was further confirmed by histological analysis and biodistribution studies. Systemic delivery of IGF1-IONP-Dox significantly reduced the growth of tumors in the pancreatic cancer PDX model. Targeted drug delivery and response to therapy could be monitored by MRI. Our results demonstrated that IGF1 conjugated theranostic IONP is a new and effective nanoparticle drug delivery system for improving targeted therapy of stromal rich pancreatic cancer.
RESULTS AND DISCUSSION

Establishment of orthotopic human pancreatic cancer PDX models
To establish an orthotopic pancreatic PDX model, fresh pancreatic cancer specimens obtained from surgically resected tumor tissues from patients were implanted into the pancreas of SCID mice. Tumor growth was monitored twice a week until it reach a diameter of around 1 cm. Tumors were then collected and implanted into the pancreas of nude mice as passage 1 for testing the effect of receptor targeted theranostic IONPs ( Figure 1a ). Histological analysis of tumor tissues from the primary human tumor and PDX obtained from two pancreatic cancer patients as well as a pancreatic cancer cell line (MiaPaCa-2 cell line) derived xenograft by H&E and immnofluorescence staining (such as IGF1R) showed that the PDX tissues retained histopathological characteristics of primary tumor tissues of the patients. On the other hand, typical features of human pancreatic cancer tissues, such as infiltration ductal carcinoma, metaplastic carcinoma, and dense stroma, were not found in MiaPaca2 cell line derived tumor xenografts (Figure 1b) . Pancreatic cancer PDX tissues, but not cell line derived tumor xenograft, had a level of IGF1R (Figure 1b) . Therefore, our results showed that establishment of pancreatic cancer PDX model provided a unique opportunity for evaluation of the effect of targeted drug delivery, imaging and treatment response in heterogeneous human tumors. Furthermore, after conventional chemotherapy with either cisplatin or Dox, drug resistant tumor cells showed 1.5 to 1.6 fold increases in the level of IGF1R expression than tumors without any treatment, making IGF1R an ideal target for treatment of drug resistant tumor (Figure 1c and 1d) . 
Preparation of IGF1-IONP-Dox
The preparation of IGF1-IONPs and loading of Dox on IONPs are shown in Figure 2a . For all in vitro and in vivo studies, IGF1R targeted IONPs were produced by conjugation of a near infrared dye (NIR 830) [23] labeled human recombinant IGF1 to a 10 nm core size and amphiphilic polymer coated IONP. The molar ratio of IGF1 to IONPs for conjugation is 20:1. The size of an IGF1( 8 KDa) was much smaller than an antibody (150 KDa), which allowed conjugation of higher numbers of targeting ligands compared to 2 to 3 antibody molecules that could be conjugated to each nanoparticle. Chemotherapy drug Dox, a hydrophobic molecule, was encapsulated in the hydrophobic space of the amphiphilic polymer layer on surface IONP and can be released in pH dependent fashion (Figure 2b ), as amine group of Dox can be protonated to convert it into a hydrophilic molecule that releases from the nanoparticle [24, 25] . 
In Vivo Targeting of IGF1-IONP in Human Pancreatic Cancer PDX models.
To check the targeting effect and biodistribution of different IONPs, nude mice bearing orthotopic pancreatic cancer PDX with a diameter around 6 mm were administrated via the tail vein injection non targeted bovine serum albumin (BSA)-IONPs or IGF1R targeted IGF1-IONPs at an iron concentration of 20 mg/kg body weight, which was similar as the dose used for therapy study. NIR optical imaging was taken at 24 h after the IONP administration. Much higher signals were found in orthotropic tumor injected with IGF1-IONPs than the tumors in mice received non-targeted BSA-IONPs ( Figure  3a ). T2-weighted MRI was performed prior to and after administration of different iron IONPs (Figure 3b ). The mean MRI contrast intensity was determined using Image J. About -20% of T2 signal decrease compared to pre-MR image was found in the tumor of the mice that received IGF1-IONP. However, no apparent signal change in the tumor received BSA-IONP injection. Furthermore, the accumulation of IGF1-IONPs but not BSA-IONPs in pancreatic cancer was also confirmed in tumor tissue sections by Prussian blue staining (Figure 3c ). 
Antitumor Effect of IGF1-NP-Dox in a Human Pancreatic Cancer Xenograft
The effect of systemic delivery of IGF1-NP-Dox theranostic nanoparticles on the growth of pancreatic cancer was examined in nude mice bearing human pancreatic PDXs in subcutaneous (s.c.) and orthotopic (pancreas) locations. The treatment started when the tumor reached an average diameter of 5 mm. Conventional free Dox, non-targeted IONP-Dox, and IGF1-IONP-Dox with equivalent dose of 5 mg/kg Dox were administered via the tail vein once per week for 6 times. Tumor volume and body weight were recorded every week. At the end of the study, one mouse from each group was chosen for MRI study. Five days after the final injection, mice were sacrificed and tumors were collected for histological analysis. In mice bearing orthotopic tumors, IGF1-IONP-Dox treated group had the smallest residual tumors among all experimental groups following the treatment with an approximately 70% tumor growth inhibition (Figure 4c ). Statistically significant differences in the averaged tumor weight were observed as analyzed by student's t test (no treatment control vs IGF1-NPDox: p < 0.04, Dox vs IGF1-IONP-Dox: p < 0.005). Our results demonstrated that IGF1R targeted delivery of Dox using IGF1-NP-Dox theranostic nanoparticle is a more effective therapeutic approach for the treatment of human pancreatic cancer compare with conventional Dox treatment. Histological analysis of tumor tissue sections using an anti-active caspase-3 antibody and immunofluorescence labeling showed that IGF1R targeted delivery nanoparticle-Dox led to the induction of massive tumor cell death in both tumor edge and tumor center while non-targeted nanoparticle Dox carriers resulted in cell death in the peripherial tumor areas but not in the tumor center (Figure 4d ). Results of this study indicated that IGF1R targeted delivery of nanoparticle drug carrier was able to overcome the tumor stromal barrier and deliver therapeutic agents into cancer cells in the tumor center.
CONCLUSIONS
In summary, a class of novel IGF1R targeted theranostic nanoparticles for both imaging and targeted delivery of Dox has been developed for the treatment of pancreatic cancer. Human pancreatic PDX models, which have high similarity to human patients' tumors in terms of intratumor heterogeneity, histological characteristics and tumor microenviroment, were established and used to evaluate the effect of the targeted theranostic nanoparticles. The effect of using a native growth factor IGF1 as a targeting ligand for targeted therapy of pancreatic cancer has been demonstrated in vivo using the pancreatic PDX tumors by NIR optical images, MRI and histological analysis. Systemic delivery of IGF1-IONP-Dox theranostic nanoparticles significantly reduced the growth of tumors in s.c. or orthotopic locations in pancreatic cancer PDX models as compared with that treated with free Dox or non-targeted IONP-Dox. Therefore, IGF1R targeted theranostic nanoparticles are a promising receptor targeted drug delivery system for further development of image-guided therapeutic approaches for effective treatment of stromal rich pancreatic cancer.
